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Abstract
We found that a 2-h incubation of potato virus X (PVX) virions in 10 mM Tris–HCl buffer pH 7.5 at −20 °C results in a strong but reversible
drop in virion stability. Under these conditions, the PVX virions are completely disrupted by low (starting from 50 mM) concentrations of LiCl
and CaCl2 but not of NaCl. Incubation of PVX samples with 0.05−2 M LiCl at +4 °C did not result in virion disassembly and the virions were not
disrupted upon incubation at −20 °C in 10 mM Tris–HCl buffer pH 7.5 without LiCl. We suggest that a 2-h incubation of the PVX virions at
−20 °C in 10 mM Tris–HCl pH 7.5 results in a structural transition in the virus particles. A revised model of the three-dimensional organization of
coat protein subunits in the PVX virions is proposed. This two-domain model explains better the high plasticity of the PVX CP structure.
© 2007 Elsevier Inc. All rights reserved.Keywords: Potato virus X; Destabilization at negative temperatures; Circular dichroism; Fluorescence; Differential scanning calorimetry; Model of intravirus coat
protein structureIntroduction
Several years ago, in the J.G. Atabekov Laboratory, it was
found that coat protein (CP) subunits in virions of a Potexvirus,
flexuous helical potato virus X (PVX), can exist in two different
functional states: “dormant” (when the virion RNA is not
translatable) and “activated” (when the virion RNA acquires the
ability to be translated in vivo and in vitro after interaction with
virus-specific triple gene block protein 1 (TGBp1)). The
transition to the activated state occurs after binding of several
TGBp1 molecules with the PVX particle end containing a 5′-
RNA terminus and results in a very fast cooperative
destabilization of the whole long virus particle (Atabekov et
al., 2000; Rodionova et al., 2003). A destabilization of a⁎ Corresponding author. Fax: +7 495 939 31 81.
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doi:10.1016/j.virol.2007.11.024somewhat different kind was also observed after phosphoryla-
tion of the intravirus PVX CP (Atabekov et al., 2001;
Rodionova et al., 2003). The structural basis of this transforma-
tion (named by the authors “remodeling”) remains unknown.
The problem is complicated by the fact that no high-resolution
structural information is available for either the PVX virions or
its isolated CP and chances of obtaining this information in the
foreseeable future remain rather slim (Parker et al., 2002). This
necessitates studies of the PVX CP structure in the virions and
in the free state by all other available methods. This is important
because flexuous plant viruses (and PVX especially) are now
widely used as carriers in different nanotechnological applica-
tions (Carette et al., 2007; Kelloniemi et al., 2006; Marusic
et al., 2001).
We recently performed a study on the PVX CP structure
and stability in the virions and in the free state (Nemykh et
al., 2007). It was established that the PVX CP subunits in
solution possess some fixed but rather unstable tertiary
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very low concentrations of anionic detergent sodium dodecyl
sulfate (SDS) (0.007%) or cationic detergent cetyltrimety-
lammonium bromide (0.00063%) at 25 °C. At the same time,
the isolated PVX CP secondary structure was found to be
much more stable than its tertiary structure. After incorpora-
tion into the virions, the PVX CP subunit tertiary structure
became much more stable (Nemykh et al., 2007). This
combination of stable secondary and unstable tertiary
structure may constitute the structural basis for the PVX
CP's ability to exist in the virions in two different functional
states (Atabekov et al., 2000; Karpova et al., 2006;
Rodionova et al., 2003).
In the course of the abovementioned study, a 2-h incubation
at −20 °C of the intact PVX preparations in 10 mM Tris–HCl
pH 7.5 was observed to result in a strong drop in virion stability.
This effect is described in detail in the present work.
Results
Effects of incubation at −20 °C on PVX virions
Usually, for isolation of PVX CP from virions, the
classical LiCl method (Francki and McLean, 1968; Goodman,
1975) is employed: overnight incubation at −20 °C with 2 M
LiCl, followed by low- and high-speed centrifugation and
dialysis (see details in Materials and methods). However, in
our experiments, it was found that a 2-h incubation of PVX
virions at −20 °C in 10 mM Tris–HCl pH 7.5 resulted in
their reversible transition into a highly unstable state in which
they could be completely disrupted by relatively low (50 mM)
LiCl or CaCl2 concentrations.Fig. 1. Far UV CD spectra of supernatants after PVX suspension incubation at
centrifugation at 18,000×g. The PVX samples in 10 mM Tris–HCl pH 7.5 incubate
method (Goodman, 1975).The process of PVX virion disassembly can be followed
by several methods. First of all, as was shown by Homer and
Goodman (1975), the intact virions and the released CP
strongly differ in their far and near UV circular dichroism
(CD) spectra. On virion disruption, the intensity of main
(negative) CD maximum at 208 nm increases more than two
times and the position of the additional maximum is shifted
from 228 nm to (normal) 222 nm (see Fig. 1). In near UV, the
positive CD maximum is shifted from 273 nm to 263 nm on
the virion disassembly. The PVX virion disruption is also
accompanied by a shift in intrinsic fluorescence maximum
from 328 nm to 336 nm and a 50% drop in fluorescence
intensity (Fig. 2).
The PVX virion disruption itself does not result in significant
changes in the true UVabsorption spectra (excluding, of course,
the strong drop in light-scattering intensity). But, if the CP or
RNA is precipitated on disassembly, they are removed by
18,000×g centrifugation. Besides, the intact (but not disas-
sembled) virions are sedimented by 105,000×g centrifugation.
We used these three methods and also differential scanning
calorimetry (DSC) and dynamic light scattering (DLS) to follow
the state of the PVX virions under different conditions.
After incubation at −20 °C, the PVX virion preparations
were warmed to +4 °C (or +25 °C) and centrifuged at
18,000×g. The pellets were resuspended in 10 mM Tris–HCl
pH 7.5 and CD, fluorescence, and true absorption spectra of the
supernatants and pellets were measured at +25 °C. In some
cases, the 18,000×g supernatants were subjected to ultracen-
trifugation (105,000×g, 90 min) and the spectra of supernatants
and pellets were measured again. First of all, it was observed
that, in low-ionic strength (10 mM) Tris–HCl pH 7.5 buffer
without LiCl, the PVX virions could withstand, without−20 °C (or +4 °C) with different LiCl, NaCl, or CaCl2 concentrations and
d with different salt concentrations and the PVX CP isolated by standard LiCl
Fig. 2. Fluorescence spectra of supernatants after PVX suspension incubation at −20 °C with different LiCl concentrations and centrifugation at 18,000×g. The PVX
samples in 10 mM Tris–HCl pH 7.5 incubated with different LiCl concentrations and isolated PVX CP.
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incubation at −20 °C in low-ionic-strength Tris–HCl pH 7.5
by itself did not result in any changes in the PVX virion CD
(Fig. 1) and fluorescence (Fig. 2) spectra or in their ability to
be sedimented at 105,000×g (Fig. 3; Table 1, lines 1 and 2).
But, after addition of rather low (50 mM) LiCl concentra-
tions, 2-h incubation at −20 °C turned out to be sufficient to
cause complete virion disruption by all these tests (Figs. 1–3;Fig. 3. Absorption spectra of PVX virion suspensions after incubation at −20 °C
105,000×g. (a) The 18,000×g supernatants; (b) the 18,000×g pellets; (c) the 105,000×
7.5; 2 — +50 mM LiCl; 3 — +250 mM LiCl; 4 — +2 M LiCl; 5 — +50 mM CaC
(without extrapolation) are shown as examples.Table 1). This effect of LiCl persisted up to 3 M concentra-
tion and at salt concentrations starting from 1 M, virion
disassembly was accompanied by RNA precipitation at
18,000×g (Fig. 3, Table 1).
The “−20 °C plus LiCl effect” was not determined by
solution freezing as it was also observed in 3 M LiCl when
the PVX samples did not form ice at −20 °C (Table 1, line
6). Incubation of PVX preparations with 0.05 M to 2 M LiClwith different LiCl (CaCl2) concentrations and centrifugation at 18,000×g and
g supernatants; (d) the 105,000×g pellets. 1— The PVX in 10 mM Tris–HCl pH
l2; 6 — +2 M CaCl2. In the insets in panels a and b, directly measured spectra
Table 1
Disruption of PVX virions in 10 mM Tris–HCl pH 7.5 by LiCl or CaCl2 on a 2-h incubation at −20 °C a
No. Samples Sample centrifugation at 18,000×g Supernatant I centrifugation at 105,000×g
Supernatant I Pellet I Supernatant II Pellet II
%RNA %CP %RNA %CP %RNA %CP %RNA %CP
1 PVX without LiCl 2 h 84 84 15 15 0 0 100 100
2 PVX without LiCl 3 days 83 83 16 16 0 0 100 100
3 +50 mM LiCl 96 96 4 4 75 75 7 7
4 +250 mM LiCl 91 91 5 5 94 94 5.5 5.5
5 +1 M LiCl 0 100 100 0 0 100 0 0
6 +3 M LiCl b 0 100 100 0 0 100 0 0
7 +50 mM CaCl2 0 100 100 0 0 90 0 11
8 +2 M CaCl2 0 100 25
c 0 0 91 0 7
a The fraction of RNA and CP in different samples were calculated from the true absorption spectra in Fig. 3.
b No ice formation.
c Most of RNA could not be dissolved in 10 mM Tris–HCl pH 7.5 after virion incubation at −20 °C with 2 M CaCl2.
Table 3
Incubation at −20 °C of PVX virions with NaCl and of TMV virions with LiCl a
No. Samples Sample centrifugation at
18,000×g
Supernatant I centrifugation
at 105,000×g
Supernatant
I
Pellet I Supernatant
II
Pellet II
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(+4 °C data are presented in Figs. 1 and 2 and Table 2). Only
a small fraction of the PVX virions was disrupted by 2 M
LiCl at +4 °C (Table 2, last line). Thus, the simultaneous
action of both LiCl and negative temperatures was necessary
for the virion disassembly. The effect of the −20 °C treatment
on the PVX virions in 10 mM Tris–HCl pH 7.5 in the
absence of LiCl was completely reversible by all employed
criteria: far UV CD spectroscopy (Fig. 1), fluorescence
spectroscopy (Fig. 2), and UV absorption spectroscopy (Fig.
3; Table 1). By all these tests, after incubation at −20 °C
without LiCl and heating to +4 °C or +25 °C, the PVX
virions did not differ from the untreated control.
The use of NaCl instead of LiCl in concentrations from
50 mM to 3 M did not result in PVX virion disruption at −20 °C
(Fig. 1, Table 3). In the case of tobacco mosaic virus (TMV),
LiCl in concentrations from 50 mM to 3 M did not induce virion
disassembly at this temperature (Fig. 4, Table 3). At the same
time, CaCl2 at concentrations from 50 mM to 2 M disrupted the
PVX virions just like LiCl (only 50 mM and 2 M data are
presented in Table 1 and Figs. 1 and 3).
Anionic detergent SDS is also widely used for PVX virion
disassembly (Goodman, 1977; Nemykh et al., 2007). Destabi-
lization of the PVX virions upon incubation at −20 °C was
revealed in experiments with this agent too. In these experi-
ments, the PVX virion samples in 10 mM Tris–HCl pH 7.5Table 2
Two-hour incubation of PVX virions in 10 mM Tris–HCl pH 7.5 with LiCl at
+4 °C a
No. Samples Centrifugation at 18,000×g
Supernatant Pellet
%RNA %CP E260/280 %RNA %CP E260/280
1 Without LiCl 82 82 1.20 18 18 1.20
2 +250 mM LiCl 80 80 1.19 19 19 1.20
3 +1 M LiCl 82 82 1.19 15 15 1.19
4 +2 M LiCl 75 83 0.75 23 16 1.35
a The fractions of RNA and CP in different samples were calculated from the
true absorption spectra (data not shown).were incubated for 2 h at different SDS concentrations. At
+25 °C, the PVX particles were completely disrupted by 4 mM
SDS, whereas at −20 °C, about 1 mM of the detergent was
sufficient for disassembly. However, usual problems with SDS
removal from protein preparations so far prevented more
accurate determination of the minimal disrupting detergent
concentrations (data not shown).
Thus, the above-described data show that 2-h incubation of
PVX suspensions at −20 °C in 10 mM Tris–HCl pH 7.5
results in a significant destabilization of the virion structure,
making the virus particles sensitive to the disrupting action of
the rather low LiCl, CaCl2, and SDS concentrations. This
destabilization is reversed on heating the suspensions from
−20 °C to +4 °C or 25 °C and the warmed PVX virions
regain their native structure.
In all experiments described above, the Russian (Ru) strain
of PVX (Morozov et al., 1983) was used, but the same results
were obtained with the British UK3 strain (Chapman et al.,
1992) of the virus (data not shown).%
RNA
%
CP
%
RNA
%
CP
%
RNA
%
CP
%
RNA
%
CP
1 PVX without
NaCl
83 83 16 16 19 19 80 80
2 +250 mM
NaCl
81 81 20 20 10 10 81 81
3 +1 M NaCl 85 85 16 16 6 6 86 86
4 +2 M NaCl 87 87 13 13 6 6 84 84
5 TMV without
LiCl
68 68 33 33 26 26 74 74
6 +250 mM
LiCl
61 61 38 38 23 23 72 72
7 +1 M LiCl 61 61 37 37 27 27 74 74
8 +3 M LiCl 70 70 28 28 8 8 75 75
a The fractions of RNA and CP in different samples were calculated from the
true absorption spectra in Fig. 4.
Fig. 4. Absorption spectra of TMV virion suspensions after incubation at −20 °C with different LiCl concentrations and centrifugation at 18,000×g and 105,000×g.
(a) The 18,000×g supernatants; (b) the 18,000×g pellets; (c) the 105,000×g supernatants; (d) the 105,000×g pellets. 1— The TMV samples in 10 mMTris–HCl pH 7.5;
2 — +250 mM LiCl; 3 — +500 mM LiCl; 4 — +1 M LiCl; 5 — +3 M LiCl.
Fig. 5. Particle size measurements by dynamic light scattering of the
supernatants after PVX suspension incubation at −20 °C with different LiCl
concentrations and centrifugation at 18,000×g. 1 — The PVX in 10 mM Tris–
HCl pH 7.5; 2— +50 mM LiCl; 3— +1 M LiCl; 4— the PVX with 1 M LiCl,
incubated at +4 °C; 5 — intact PVX; 6 — isolated PVX CP.
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treatment
We also studied the properties of the PVX CP subunits
released from the virions after 2-h incubation at −20 °C with
different (low and high) LiCl concentrations. For this purpose,
far UV CD and fluorescence spectra of the disruption products
were compared with those of the standard (2 M LiCl) PVX CP
preparations. By both these tests (Figs. 1, 2), the CP released
from the virions by low LiCl concentrations had the same
secondary and tertiary structure as the standard CP preparations.
We also measured the size of the isolated PVX CP molecules
in 10 mM Tris–HCl buffer pH 7.5 by DLS (Fig. 5). The value
obtained (d=7 Å) greatly exceeded the one expected for a
globular protein with molecular mass 25 kDa, but it exactly
coincided with the value (r=3.5 Å) calculated by Goodman
(1975). Goodman explained his results by discussing either
extended structure of the PVX CP monomers or formation of
the protein dimers. The PVX CP subunits released from the
virions on −20 °C plus 50 mM LiCl treatment did not differ in
their effective diameter (7 Å) from the molecules prepared by
standard LiCl method. The intact filamentous PVX virions gave
in Malvern ZS Nano instrument an effective diameter of 40
−50 Å (Fig. 5).
Results of calorimetric studies of −20 °C and LiCl treatment
Further studies of the interaction between the PVX virions
and Li+ ions were performed by DSC. Tris–HCl is usually not
employed in DSC melting experiments because this buffer
significantly changes its pH with increasing temperature
(Dawson et al., 1986). Therefore, all experiments reportedbelow were performed in 10 mM HEPES–NaOH pH 7.5 (in
control tests, no difference in the PVX (or its CP) properties in
10 mM HEPES–NaOH pH 7.5 and in 10 mM Tris–HCl pH 7.5
were observed (data not shown)).
In the DSC experiments, it was found that irreversible
cooperative melting of the standard LiCl-prepared 236 residue
long (Morozov et al., 1983) Ru strain PVX CP in 10 mM
Fig. 6. DSC melting curves (in 10 mM HEPES–NaOH pH 7.5) of the
supernatants after PVX suspension incubation at −20 °C with different LiCl
concentrations and centrifugation at 18,000×g. 1 — The intact PVX; 2 —
+50 mM LiCl; 3— +125 mM LiCl; 4— +250 mM LiCl; 5— +500 mM LiCl;
6 — the isolated PVX CP.
Fig. 7. DSC melting curves of intact PVX samples with different LiCl
concentrations (LiCl added at +25 °C). 1 — The intact PVX; 2 — +125 mM
LiCl; 3 — +250 mM LiCl; 4 — +375 mM LiCl; 5 — +500 mM LiCl; 6 —
+1 M LiCl; 7 — +2 M LiCl; 8 — +3 M LiCl.
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intravirus PVX CP occurred at 64.2 °C (Fig. 6, Table 4). This
means that, as was previously observed for TMV (Orlov et al.,
1998), incorporation of the PVX CP subunits into the virions
resulted in a large increase in their stability.
The PVX CP subunits released from the virions after
incubation at −20 °C with different (50 mM to 0.5 M) LiCl
concentrations had DSC Tm in 10 mM HEPES–NaOH similar
to that of the standard protein samples (Fig. 6, Table 4).
On the intact PVX virion melting in 10 mM HEPES–NaOH
with increasing concentrations of LiCl (added at room
temperature), a progressive decrease in Tm values was observed
(Fig. 7, Table 4). In 3 M LiCl, the virus Tm dropped to 40.3 °C.
This means that high LiCl concentrations progressively
destabilized the PVX virion structure. However, this destabi-
lization occurred only gradually and at salt concentrations much
higher than those which completely disrupted the virus particlesTable 4
Differential scanning calorimetry melting temperatures and enthalpies of
disrupted and intact PVX virions
No. Samples Tm (°C) ΔTm ΔHcal
(kJ/mol)
1 PVX CP a
2 18000×g supernatants b
+0.05 M LiCl
34.4
33.7
6.4
6.04
176
139
3 +0.125 M LiCl 33.1 6.1 152
4 +0.25 M LiCl 32.0 6.7 117
5 +0.5 M LiCl 32.0 5.5 68
6 intact PVX 64.2 5.2 482
7 +0.125 M LiCl added
at +25 °C
60.7 4.3 567
8 +0.25 M LiCl 59.9 3.8 514
9 +0.375M LiCl 58.9 4.02 473
10 +0.5M LiCl 57.8 4.0 431
11 +1 M LiCl 55.2 4.6 442
12 +2 M LiCl 49.3 5.6 352
13 +3 M LiCl 40.3 7.2 124
a The PVX CP isolated by the standard 2 M LiCl method (see Materials and
methods).
b The PVX samples were incubated for 2 h at −20 °C in 10 mM HEPES–
NaOH pH 7.5 with indicated LiCl concentrations, centrifuged at 18,000×g and
DSC melting curves of supernatants were measured.at −20 °C. Besides, no melting peaks corresponding to the free
PVX CP were observed up to 3 M LiCl, meaning that, even at
this salt concentration, no virion disassembly took place at room
temperature. These data demonstrate once again the significant
difference in PVX virion structure at above zero temperatures
and at −20 °C and show that high LiCl concentrations
somewhat destabilize the virions at above zero temperatures
too, but this effect is strongly enhanced by suspensions cooling
to −20 °C.
Effects of high LiCl concentrations on isolated PVX CP
We also studied, with the help of CD spectroscopy at +25 °C,
the effects of high LiCl concentrations on the free PVX CP
preparations isolated by the standard LiCl method. It was
observed that, up to 2 M, LiCl exerted almost no influence on
the PVX CP structure (Fig. 8). However, at still higherFig. 8. Isolated CP denaturation by high monovalent salt concentrations at
+25 °C. (a) Far UV CD ([Θ]208), (b) near UV CD ([Θ]273). 1— PVX CP+LiCl;
2 — TMV CP+LiCl; 3 — PVX CP+NaCl; 4 — TMV CP+NaCl.
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[Θ]273 were observed (Fig. 8). The LiCl induced PVX CP
denaturation was complete at about 5 M. Thus, high salt
concentrations seem to be the first agent that can induce the
isolated PVX CP secondary structure disruption without the
protein aggregation and other undesirable effects (Nemykh et
al., 2007). In contrast to the situation observed at −20 °C for the
intravirus PVX CP, this effect was not specific to LiCl: high
NaCl concentrations induced somewhat faster denaturation
(Fig. 8). Also, in contrast to the −20 °C situation, the effect was
not specific to the PVX CP. Isolated TMV CP was denatured by
LiCl or NaCl concentrations even lower than that of PVX CP.
Discussion
Possible mechanism of −20 °C and salt treatment effects on
PVX virion stability
In spite of all efforts, the three-dimensional structure of the
PVX CP subunits in the virions is still not determined
experimentally. Potexviruses do not produce fibers with
orientation sufficient for high-resolution X-ray fiber diffraction
analysis (Parker et al., 2002). The intact PVX near UV CD
spectrum is dominated by RNA contribution and its far UV
spectrum is supposed to be distorted (Homer and Goodman,
1975; Nemykh et al., 2007; see also Fig. 1). The shift in intrinsic
fluorescence maximum from 328 to 336 nm and the 50% loss of
fluorescence intensity on virion disruption may testify to PVX
CP subunit transition to a less ordered state; however, the
possible contribution to this effect of a loss of tryptophan–RNA
base interactions cannot be excluded (Homer and Goodman,
1975; see also Fig. 2).
Our study of the consequences of PVX virion incubation at
−20 °C demonstrates that after 2 h at this temperature in 10 mM
Tris–HCl pH 7.5, the virions undergo a structural transition that
strongly diminishes their stability and makes them sensitive to
disassembly by rather low (50 mM) LiCl or CaCl2 concentra-
tions. The effect of negative temperatures is completely
reversible, i.e., in the absence of LiCl or CaCl2 after warming
from −20 °C to +4 °C or +25 °C, the PVX virions preserve
their normal structure. It looks as if PVX virion suspensions can
be kept in low-ionic-strength (10 mM) Tris–HCl pH 7.5 at
−20 °C without glycerol addition for rather a long time (weeks).
But, for still longer storage (months or years), 40−50% glycerol
may be necessary.
We cannot say at present whether Li+- or Ca++-induced
disassembly occurs directly at −20 °C or on suspension
warming to +4 °C. We can only say that ice formation is not
necessary for PVX virion disruption.
The effect is specific to PVX (TMV virions are not
destabilized by 2-h incubation at −20 °C) and specific to Li+
and Ca++. 2 M NaCl (in contrast to 2 M LiCl) did not disrupt
PVX virions at −20 °C in the classical Francki and McLean
studies too (Francki and McLean, 1968).
The specificity of Li+ ion effect may be determined by its
ability to interact strongly with RNA phosphate groups. At
∼2 M LiCl, this interaction leads to isolated RNA moleculecollapse, followed by precipitation (Colowick and Kaplan,
1968). Na+ ions presumably interact with RNA not so strongly:
2 M NaCl does not induce free RNA precipitation. Possibly,
LiCl but not NaCl ability to disrupt Potexvirus virions is
determined by competition with virus CP for phosphate groups
of intravirus RNA. Higher affinity of Li+ and Ca++ ions to RNA
phosphates may be determined by charge density two times
higher on these two ions as compared with Na+ (Greendwood
and Earnshaw, 1997). Difference in hydration shell size and in
hydration enthalpy (Edsall and McKenzie, 1978) may also
contribute to the observed effect.
Some aspects of the Li+ and Ca ++ effects on the PVX virion
stability at −20 °C described in this paper follow the predictions
of the Hofmeister series. However, the nature of the Hofmeister
effect has been called in question because the results of several
studies testify that stabilizing or destabilizing effects of high salt
concentrations are not mediated through changes in water
structure but determined by direct ion–protein functional group
interactions (for review, see Zhang and Cremer, 2006).
As Goodman has suggested (Goodman, 1977), PVX virion
stability is determined by both hydrophobic (mostly protein–
protein) and electrostatic (mostly RNA–protein) interactions.
Cooling to −20 °C strongly reduces hydrophobic interactions
(Finney et al., 1980; Privalov and Gill, 1988). Presumably, total
stability of the PVX virions at this temperature is lowered to such
an extent that 50 mM concentration of LiCl (or CaCl2) becomes
sufficient to break the remaining electrostatic interactions.
The PVX virion destabilization on cooling to −20 °C in low-
ionic-strength Tris–HCl, described in the present paper, may (or
may not) be identical to the “remodeling” of the PVX particles
on binding TGBp1 molecules or the PVX CP phosphorylation
observed by Atabekov et al. (Atabekov et al., 2000, 2001;
Karpova et al., 2006; Rodionova et al., 2003). We are now
trying to test this alternative.
Revised model of potato virus X coat protein spatial
organization in virions
The conception of the PVX virion remodeling (Atabekov et
al., 2000, 2001; Rodionova et al., 2003) and the results of this
work stimulated us to alter our 1992 model of the PVX CP
structure in situ (Baratova et al., 1992).
In 2001, we have proposed a model of the CP subunit spatial
organization in particles of one more helical virus potato virus A
(PVA) (Baratova et al., 2001) belonging to another group of
flexuous plant viruses, a Potyvirus group. The PVA model, built
with the help of more sophisticated protein structure prediction
methods (Baratova et al., 2001; Efimov, 1993, 1995, 1999),
suggests that the PVA CP molecule (comprising 269 amino acid
residues) consists of two separate domains.
Based on these improved structure prediction methods, the
comparison of the PVX CP and PVA CP primary structure, and
the results of the present study, we propose a revised model of
the coat protein 3D organization in the PVX virions. In
constructing this model, we also took into account the results of
our recent work on the PVX CP N-terminal tail structure
(Baratova et al., 2004) and the results of the latest studies of
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methods (Blanch et al., 2002; Shanmugam et al., 2005; Zho et
al., 2006). The new variant of the PVX CP model does not
contradict the immunological and tritium planigraphy data used
in building the 1992 model (Baratova et al., 1992).
It should be noted that all existing methods of protein
secondary structure prediction demonstrate an accuracy of only
60−70% and 75−80% in best cases. One of the ways of solving
this problem is to try to predict fragments and blocks of protein
tertiary structure called structural motifs or super-secondary
structures (Efimov, 1993, 1995, 1999). The main points of this
prediction strategy were summarized in our 2001 work
(Baratova et al., 2001).
A revised PVX CP model is shown in Fig. 9a. According to
this model, the Ru strain PVX CP molecule contains seven α-
helices:α1 (residues 25 to 34),α2 (40 to 51),α3 (55 to 70),α4 (72
to 102),α5 (109 to 135),α6 (157 to 175), andα7 (206 to 220) and
sixβ-strands:β1 (1 to 8), possiblyβ2 (15 to 22),β3 (145 to 152),
β4 (185 to 191),β5 (195 to 202), andβ6 (228 to 234). Amajority
of these secondary structure elements coincide with the
corresponding elements predicted in the 1992 model (Baratova
et al., 1992) but their three-dimensional arrangement is different.
Near the virion axis, a typical TMV-like four α-helix bundle
is located, which is formed by α-helices α2 and α3 (upper pair)
and α4 and α5 (bottom pair). This domain is linked through the
flexible hinge 136 to 144 with the βαββα type RNP fold. ThisFig. 9. Proposed three-dimensional organization of PVX and PVA CP subunits
in the virions. The left side of the figure corresponds to the virion surface. (a)
The PVX CP subunit; α-helices are shown as cylinders and β-strands as arrows;
starts and ends of α-helices and β-strands are numbered; the N- and C-termini of
the protein chain are indicated and the 35 to 39 and the 136 to 144 hinges are
highlighted. (b) The PVA CP subunit (with modifications from Baratova et al.,
2001).fold (called also abCd unit, RRM, or RBD) is formed by
segments 145 to 152 (β3), 157 to 175 (α6), 185 to 191 (β4),
195 to 202 (β5), and 206 to 220 (α7) (Fig. 9a). It is proposed
that a ββα unit is docked to the RNP fold from one side. In the
PVX CP, this unit consists of residues 1 to 8 (β1), 228 to 234
(β6), and 25 to 34 (α1). Helix α1 of the ββα unit is connected
to α2 helix of the four α-helix bundle through hinge 35 to 39.
The segment 15 to 22 possibly form one more β-strand β2
attached to β1. The structure of the PVX virion's outer surface
may also be influenced by O-glycosylation of the N-terminal
serine residue and by other modifications of the PVX CP N-
terminal tail (Atabekov et al., 2001; Baratova et al., 2004).
In their 1991 work, Dolja et al., (1991) found only one small
region of primary structure homology in Potexvirus and Poty-
virus CPs. However, the nature and distribution of the secondary
structure elements predicted by Efimov (1993, 1995, 1999)
methods in the PVX CP now resemble those in the PVA CP
(Baratova et al., 2001). The proposed three-dimensional structure
models of the two proteins in situ look quite similar too (Figs. 9a,
b). Both models consist of the four α-helix bundle, the RNP fold,
and the ββα unit attached to the RNP fold. The only significant
difference between the two models is that, in the PVA model, the
ββα motif is formed by two N-terminal β-strands β1 and β2
(Fig. 9b), while in the revised PVX model, it includes one
N-terminal β-strand (β1) and one C-terminal β-strand (β6),
possibly with one more β-strand (β2) attached (Fig. 9a). If
our PVX and PVA CP models were correct, these two
proteins should display a number of common properties.
Also, it should be said that, in both new PVX and PVA
models, the proposed total “length” of the subunit is larger than
the virion radius (Kendall et al., 2007; Tollin and Wilson, 1988).
Therefore, it is supposed that the subunit has a kink (as shown in
Fig. 9 or in another plane).
The revised PVX CP model agrees more closely with the
results of applying new optical methods (infrared circular
dichroism (Shanmugam et al., 2005) and Raman optical
activity (Blanch et al., 2002; Zho et al., 2006)) to flexuous
plant viruses. According to the revised model, a PVX CP
subunit should contain 16−19% of β-strands and 55% of α-
helical regions. The first value is significantly lower than the
one (45%) predicted by the 1992 model (Baratova et al.,
1992) and agrees much better with the results of recent
optical studies (Blanch et al., 2002; Shanmugam et al., 2005;
Zho et al., 2006). At the same time, the fraction of predicted
α-helices in the new PVX CP model is even larger than in the
previous one (45%). This value is also larger than the one
(45%) calculated for the isolated PVX CP on the basis of CD
data (Homer and Goodman, 1975; Nemykh et al., 2007). We
cannot exclude the idea that, in contrast to the TMV situation
(Namba et al., 1989), the PVX CP may have a different
structure in the virions and in the isolated state.
The new model assumes the existence of a TMV-like four
α-helix bundle in the PVX CP, whose presence was suggested
by several authors (Sawyer et al., 1987; Shukla and Ward,
1989). Four α-helix bundles usually have stable structure, but
the TMV CP bundle is rather unstable (Orlov et al., 1998;
Rafikova et al., 2003). The reason for this is the presence of
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patches are necessary for very strong intersubunit interactions
in the TMV virions (Namba et al., 1989). Therefore, it is not
surprising that the isolated PVX CP α-helical bundle is
characterized by even lower stability (Nemykh et al., 2007;
see also Fig. 6). It may be one of the reasons why introducing
point mutations into the proposed important regions in
flexuous plant virus CPs usually leads to the prevention of
correct protein folding and virion formation and/or to protein
amorphous aggregation and degradation in Escherichia coli
cells (Jagadish et al., 1991, 1993; Tremblay et al., 2006; our
unpublished results).
The revised PVX CP two-domain model better explains the
high plasticity of the PVX CP structure and its ability to exist in
situ in at least two different functional states (Atabekov et al.,
2000, 2001; Rodionova et al., 2003; this paper).
As mentioned in the Introduction, the PVX virions
undergo significant destabilization (“remodeling”) on interac-
tion between the virion 5′-end and TGBp1 (Atabekov et al.,
2000; Karpova et al., 2006; Rodionova et al., 2003). We
propose that this remodeling may occur through a mechanism
of domain swapping. The ideal place for this swapping may
be the hinge regions between the α-helix bundle and the
RNP-fold (residues 136 to 144) and between the α-helix
bundle and the ββα motif (residues 35 to 39). It can be seen
in Fig. 9a that, in our model, these two hinges are located
close to each other. Amino acid sequences of these hinge
regions 136WMLTNNSPP144 and 35PDGDF39 contain two and
one Pro residue, respectively. Sequences with proline residues
are often found in sites of protein domain swapping (Bergdoll
et al., 1997; Ding et al., 2006).
At the moment, we have no evidence to which of two
PVX virion functional states (“dormant” or translationally
activated) the domain-swapped structure corresponds, but, as
domain swapping usually increases stability, the translation-
ally inactive virions may have this structure. The remodeling
of PVX virions on interaction with TGBp1 molecules may
occur through this protein direct binding to closely
positioned 35 to 39 and 136 to 144 hinges, accessible on
the surface of the subunits located in the 5′-terminal turn of
the virion helix.
A structure with swapped domains was reported for spherical
rice yellow mottle virus (Qu et al., 2000) and for two spherical
insect viruses (Simpson et al., 1998; Tate et al., 1999) and, in the
case of the plant virus, domain swapping resulted in significant
increase in virion stability. Unusually high (even in comparison
with the TMV CP; Rafikova et al., 2003) propensity of the
isolated PVX CP to amorphous aggregation and coagulation on
heating (Nemykh et al., 2007) may also be a consequence of the
protein ability to form dimers (and higher oligomers) with
swapped domains.
In recent work from the Stubbs Laboratory (Kendall et al.,
2007), it has been found that Potexvirus particles have an outer
diameter of only 110 Å (and a 40 Å central canal). In view of
these results, it may be suggested that, in potexviruses, the
βαββα fold may be located directly above (or below) the four
α-helix bundle. The subunit radius (35 Å) and the virion helixpitch (34.5 Å) allow this structure. Such arrangement would
solve the problem of the subunit excessive length.
Materials and methods
Purification of PVX and isolation of its CP
The method of Russian strain PVX virion isolation was
described in detail in our previous publication (Nemykh et al.,
2007). To isolate the PVX CP (Francki and McLean, 1968;
Goodman, 1975), we added saturated LiCl solutions to 3−5 ml
of purified PVX in 10 mM Tris–HCl pH 7.5 up to the final salt
concentration of 2 M. The mixture was thoroughly mixed and
incubated overnight at −20 °C. Virus RNAwas precipitated by
20-min centrifugation at 12,000×g (Beckman C-21, USA, rotor
J 21) and the protein-containing supernatant was dialyzed at
+4 °C against three changes (2 to 3 L) of 2 mM Tris–HCl pH
7.5. To remove the undisrupted virus, the dialyzed samples were
centrifuged for 90 min at 105,000×g (Beckman L5-50, USA,
rotor Ti-50). The preparations of PVX CP with concentrations
of 2−4 mg/ml were stored in 10 mM Tris–HCl pH 7.5 at +4 °C
or −20 °C.
−20 °C Treatment of PVX virions
One to three milliliters of PVX suspensions with concentra-
tions of 0.2−0.5 mg/ml in 10 mM Tris–HCl pH 7.5 without any
additives or with different LiCl, NaCl, CaCl2 or SDS
concentrations were kept at −20 °C for 2 h (or overnight); the
frozen or unfrozen samples were warmed to +4 °C and
centrifuged at 18,000×g (Microfuge 22R Centrifuge, Beckman
Coulter Inc., USA). The pellets were resuspended in 1−3 ml of
10 mM Tris–HCl pH 7.5 and the supernatants and the pellets
were used for measurements of absorption, CD, and fluores-
cence spectra; DSCmelting curves; and DLS. In some cases, the
18,000×g supernatants were subjected to ultracentrifugation
(105,000×g, 90 min), the pellets were resuspended in 10 mM
Tris–HCl pH 7.5 and absorption spectra of the supernatants and
the pellets were measured.
UV spectroscopy
Absorption spectra in the 240- to 350-nm region were
measured in 0.2- or 1.0-cm cells of an UV-1601 spectro-
photometer (Shimadzu Scientific Instruments Inc., Japan) at
25 °C. The PVX and its CP concentrations were determined
from true absorption spectra using the extinction coeffi-
cients E260
0.1% =2.4 optical units for the intact virus and
E280
0.1%=1.2 optical units for the protein. In the case of RNA–
protein mixtures with different RNA content, CP and RNA
concentrations were calculated based on E260/E280 ratio.
True absorption spectra of light-scattering suspensions were
calculated by an extrapolation method (Dobrov et al., 1977)
with the help of a special Delphi program (Ksenofontov et al.,
2006). The spectral region of 320−350 nm was used for
extrapolation. Directly measured (unextrapolated) spectra are
shown as examples in the insets to Figs. 3a and b.
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CD spectra in the 200−250 nm (far UV) and 250−340 nm
(near UV) regions were recorded in a modified Mark V
(Jobin-Yvon, France) dichrograph at 25 °C in 1-mm and 1-cm
cells, respectively, as described earlier (Rafikova et al., 2003).
0.1−0.2 mg/ml Virus or CP concentrations in 10 mM Tris–
HCl pH 7.5 were used for far UV CD and 0.5−1 mg/ml
concentrations for near UV CD measurements. The spectra
were calculated in [Θ] values/mol of amino acid residues. The
RNA content of PVX virions was taken to be 6% (Tollin and
Wilson, 1988), and mean molecular weight of amino acid
residue was 110 kDa.
Fluorescence spectra
Intrinsic fluorescence spectra of the PVX virions and CP
were recorded in 1-cm cells of an MPF-4 spectrofluorimeter
(Hitachi, Japan) at 25 °C (Panyukov et al., 2006). Fluorescence
of 0.1−0.2 mg/ml CP or virions in 10 mM Tris–HCl pH 7.5 was
excited at 280-nm and emission spectra were recorded in the
300- to 400-nm range.
Dynamic light scattering
A commercial dynamic light scattering device Zetasizer
Nano ZS (Malvern Instruments, UK) with He–Ne laser
(633 nm) was used. Measurements of light scattering were
performed in 1-cm cells in 10 mM Tris–HCl pH 7.5 at CP
concentrations of 0.1 mg/ml to 0.3 mg/ml. A Peltier
thermostat system maintained the temperature at +4 °C. All
curves were fitted using Dispersion Technology Software
(DTS) version 4.2.
Differential scanning calorimetry
Calorimetric measurements were carried out in a DASM-4
differential scanning microcalorimeter (Biopribor, Russia)
with 0.47-ml capillary platinum cells (Orlov et al., 1998).
The heating rate was 1 °C/min. The reversibility of the
thermal transitions was checked by reheating the samples
after cooling from the first scan. Because, in all cases, thermal
transitions turned out to be completely irreversible, calori-
metric traces were corrected for the instrumental baseline by
subtracting the reheating scan. A constant pressure of 2 bars
was always maintained to prevent possible degassing of the
samples on heating.
The PVX CP molecular weight was taken to be 25 kDa, and
the CP fraction content of PVX virions was 94%. The melting
temperatures (Tm) and the melting enthalpies (ΔH) were
calculated with the help of Origin 7.5 program.
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